The low-affinity receptor for IgG, Fcγ RIIB, negatively regulates BCR (B-cell antigen receptor)-mediated proliferative signalling and thus plays an important role in feedback inhibition of the humoral immune response. Whereas crosslinking of BCR on mature B-cells results in proliferation, co-ligation of Fcγ RIIB results in growth arrest and apoptosis. We have now investigated the signals underlying Fcγ RIIB-driven apoptosis and found this to be dependent on disruption of mitochondrial potential ( ψ), involve the pro-apoptotic Bcl-2 family members, Bid and Bad, and be caspase-independent.
Introduction
B-lymphocytes are the principal mediators of the humoral (antibody) immune response. When antigen binds to the BCR (B-cell receptor), the B-cell is stimulated to survive, proliferate and produce antibodies (Ab) [1] . However, it is becoming increasingly clear that many other receptors are involved in activatory and inhibitory feedback mechanisms throughout the B-cell response. The precise subset of receptors that are co-activated with the BCR determines whether the B-cell will become activated, proliferate, arrest growth or undergo programmed cell death [2, 3] .
An example of this is negative feedback regulation driven by immunocomplex (antigen-antibody complexes)-mediated co-ligation of the BCR and Fcγ RIIB, a low-affinity IgG receptor [4] . Co-ligation results in growth arrest and commitment to apoptosis. We and others [5] [6] [7] have shown previously that BCR-mediated proliferation is dependent on sustained (up to 48 h) signalling via the ERK MAPK (mitogen-activated protein kinase) pathway and that co-ligation of Fcγ RIIB terminates such sustained ERK MAPK activation, resulting in cell-cycle arrest. Fcγ RIIB appears to act not only by modulating the BCR activation threshold via the recruitment of the lipid phosphatases, SHIP and PTEN, resulting in the prevention of initiation of ERK MAPK, but also by recruiting the MAPKphosphatase, Pac-1 to abrogate ongoing ERK MAPK signalling [3] . Although the mechanism of Fcγ RIIB-mediated apoptosis is yet to be fully elucidated, we now show this to be dependent on the disruption of the mitochondrial potential ( ψ), involve the pro-apoptotic Bcl-2 family members, Bid and Bad, and be caspase-independent. Thus, stimulation of B-cells with F(ab) 2 fragments of anti-IgM (50 µg/ml) results in proliferation (some cells undergoing up to five divisions) within 96 h, whereas cells costimulated with intact anti-IgM (75 µg/ml) show profound inhibition of this proliferation (Figure 1) . These results are supported by [ 3 H]thymidine uptake assays, which show that co-stimulation with intact anti-IgM (75 µg/ml) abrogates the BCR-driven DNA synthesis elicited by F(ab) 2 fragments of anti-IgM (50 µg/ml) (Figure 2) . Similarly, cell-cycle analysis by propidium iodide staining of DNA content showed that co-ligation of the BCR and Fcγ RIIB resulted in G1 arrest (results not shown).
Fcγ RIIB ligation abrogates antigenreceptor-mediated B-cell proliferation

Crosslinking of the BCR and Fcγ RIIB results in apoptosis
In addition to inducing G1 arrest, co-ligation of BCR and Fcγ RIIB results in apoptosis as assessed using propidium
Figure 1
Purified splenic B-cells preloaded with 1 µM CFSE were cultured in RPMI1640 medium, supplemented with 5% fetal calf serum, 100 units/ml penicillin, 100 µg/ml streptomycin, 2 mM glutamine, 1% (v/v) non-essential amino acids, 1 mM sodium pyruvate and 50 µM 2-mercaptoethanol (RPMI complete) at 37 • C in a 5% (v/v) CO 2 atmosphere at 95% humidity for the appropriate time period. F(ab) 2 fragments of anti-IgM Abs were used at 50 µg/ml and intact anti-IgM Abs at 75 µg/ml Cell division was assessed by FACS analysis of decreased CFSE staining. iodide staining of sub-diploid DNA content [9] . Thus, treatment with intact anti-IgM alone results in 65% of B-cells undergoing apoptosis, whereas stimulation with both intact anti-IgM and F(ab) 2 fragments of anti-IgM results in the number of apoptotic cells increasing to 78%.
Disruption of MMP (mitochondrial membrane potential) generally plays a central role in the commitment to apoptosis [10] . Assessment of MMP by analysis of dihexylocarbocyanin iodide (a fluorescent dye that binds to mitochondria proportionately to the MMP [11] ) staining showed that ligation of the BCR alone does not result in dissipation of the MMP, whereas co-ligation of the BCR and Fcγ RIIB profoundly dissipated the MMP with cells becoming committed to apoptosis between 24 and 48 h (results not shown).
Apoptosis is caspase-independent
Interestingly, given the canonical role for caspases in transducing apoptosis [12] , a pan-caspase inhibitor ZVAD-fmk [benzyloxycarbonyl-Val-Ala-Asp (O Me) fluoromethyl ketone] and inhibitors of caspase 3 or caspase 6 had no significant effect on either the proliferative effect of BCR stimulation or the apoptotic response of simultaneous BCR and Fcγ RIIB stimulation (Figure 2 and results not shown). Consistent with this, in situ analysis of executioner caspase 3-like activity using Ac-DEVD-pNA (a compound that fluoresces when bound to activated caspase 3) showed that although ceramide or dexamethasone, agents widely established to induce caspase-dependent apoptosis, elicited strong caspase activation, neither BCR ligation alone nor co-ligation with Fcγ RIIB resulted in caspase activation (results not shown). Fcγ RIIB-mediated apoptosis can be mimicked by culture of B-cells with a cell-permeable form of the proapoptotic Bcl-2 family member, Bax, that similarly does not induce caspase 3-like activity. Moreover, Fcγ RIIB-mediated apoptosis is associated with an up-regulation in the expression of additional pro-apoptotic Bcl-2 family members including Bid and Bad (results not shown).
Conclusions
Together, these results suggest that Fcγ RIIB-mediated apoptosis in mature B-cells is caspase-independent and it is affected by alternative executioner proteases. However, additional studies (results not shown) using inhibitors of Cathepsin B and Calpain, executioner proteases previously shown to play roles in maturation-stage-specific apoptosis of B-cells [5, 13, 14] , demonstrated that none of these proteases were critical by themselves for the execution of Fcγ RIIB-mediated apoptosis.
